New combination human acquired deficiency (HIV) prevention strategies that include biomedical and primary prevention approaches add complexity to the task of measuring sexual risk. Latent transition models are beneficial for understanding complex phenomena; therefore, we trialed the application of latent class and latent transition models to HIV surveillance data. Our aims were to identify sexual risk states and model individuals' transitions between states. A total of 4,685 HIV-negative men who have sex with men (MSM) completed behavioral questionnaires alongside tests for HIV and sexually transmissible infections at one of 2 Melbourne, Victoria, Australia, general practices (2007)(2008)(2009)(2010)(2011)(2012)(2013). We found 4 distinct classes of sexual risk, which we labeled "monogamous" (n = 1,224), "risk minimizer" (n = 1,443), "risk potential" (n = 1,335), and "risk taker" (n = 683). A positive syphilis, gonorrhea, or chlamydia test was significantly associated with class membership. Among a subset of 516 MSM who had at least 3 clinic visits, there was general stability across risk classes; MSM had on average a 0.70 (i.e., 70%) probability of remaining in the same class between visits 1 and 2 and between visits 2 and 3. Monogamous MSM were one exception; the probability of remaining in the monogamous class was 0.51 between visits 1 and 2. Latent transition analyses identified unobserved risk patterns in surveillance data, characterized high-risk MSM, and quantified transitions over time.
Globally, while declines in human immunodeficiency virus (HIV) transmission among some key populations have been reported, an increasing number of HIV cases among men who have sex with men (MSM) has been described (1), including increases in high-income countries/regions such as the United States (2), the United Kingdom (3), Western Europe (4), and Australia (5) . Several factors are believed to be contributing to increased HIV diagnoses among MSM, including increases in other sexually transmissible infections (STIs), undiagnosed infections, and inadequate treatment coverage (6) . In addition, substantial reductions in HIV-related morbidity and mortality have occurred (7) , increasing the pool of HIV-positive individuals with the potential to transmit infection.
The primary risk factor for HIV transmission among MSM remains condomless sex, and there is concern about increased reports of condomless sex in this group (8, 9) . However, transmission risk associated with condomless sex is substantially reduced in the context of viral suppression induced by HIV treatment (10) , known as "treatment as prevention." Combination HIV prevention strategies include treatment as prevention and pre-and postexposure prophylaxis (11) , as well as the use of condoms to prevent sexual transmission of HIV. There is changing understanding in the gay community, particularly about what constitutes risky sexual behavior (it is no longer simply condomless anal intercourse). A range of non-condom-based risk reduction strategies have been reported by MSM (12, 13) , including use of their and their partner's HIV viral load to inform decisions about condom use (8, 14) . Although Doyle et al. concluded in a 2014 meta-analysis (15) that HIV antiretroviral treatment was not associated with increased sexual risk behavior within 6 months of treatment commencement, they noted the need for longer monitoring periods as community awareness of reduced sexual transmission associated with treatment-based HIV viral suppression increases.
In an era of combination prevention, the population-level quantification of HIV risk is becoming increasingly challenging (16, 17) . Behavioral surveillance can offer key epidemic insights (18, 19) , with the majority of behavioral surveillance, including surveillance in the United States (20) , Western Europe (21) , and Australia (8) , being undertaken through repeated cross-sectional surveys of convenience samples of populations at risk of HIV. By way of difference, the state of Victoria, an Australian jurisdiction with the highest population rate of HIV transmission in the country (5) , has a unique sentinel surveillance system that prospectively links behavioral and HIV and other STI testing data from patients visiting primary health clinics (22) . Latent class and transition analyses have been applied to prospective cohort data in other disciplines to quantify changing behaviors over time (23) , and cross-sectional studies have used latent class analysis to classify the risk behaviors of MSM (24, 25) . However, we are unaware of any studies applying latent class and latent transition analyses to prospective HIV surveillance data to describe risk trajectories over time.
We used HIV sentinel surveillance data to classify latent (unobserved) states of sexual risk among MSM and quantify changes in risk over time. In the context of shifting paradigms of HIV prevention, we demonstrate the application of latent class and latent transition analysis to HIV surveillance data to describe underlying risk states and change in risk among MSM as a method of informing risk-reduction initiatives and refining HIV surveillance.
METHODS

Setting
The Victorian Primary Care Network for Sentinel Surveillance on BBVs [Bloodborne Viruses] and STIs (VPCNSS) was established by the Burnet Institute in 2006. The VPCNSS has been described in detail previously (22) . The VPCNSS collects testing, demographic, and behavioral data from primary health-care clinics with a high caseload of MSM and their corresponding laboratories. The MSM network includes 1 metropolitan health center and 1 regional sexual health center and 2 inner metropolitan general practice (GP) clinics specializing in gay men's health; these clinics have high coverage of the at-risk populations, notifying approximately 50% of persons with an HIV diagnosis in Victoria (26) .
Data collection
Demographic and behavioral data are collected at the time of testing for HIV/STIs using site-specific methods. At GP sites, a brief, patient-completed surveillance survey is administered to collect more detailed data on condom use by partner type, as compared with sexual health centers. To capture a greater array of potential risk indicators for the latent class model, we restricted our analysis to GP sites only. The survey includes questions on patient date of birth, sex, country of birth, reason for HIV test, previous HIV test history, result of last HIV test, injecting drug use, engagement in sex work, and engagement in male-to-male sex. Additionally, MSM can complete questions on number of male oral and anal sex partners in the past 6 months (0, 1, 2-5, 6-10, 11-20, 21-50, or >50), condom use with regular partners, condom use with casual partners (no regular/casual partners, always, usually, sometimes, never, and no anal intercourse), and locations where partners are met (not applicable, Internet, mobile phone applications, sex-on-premises venue (e.g., bathhouse), dance party/club, pub, social networks, beats (cruising areas), and other (free text)); multiple responses were possible. For construction of latent risk classes, final variables and categories included number of oral sex partners (0, 1, 2-10, or >10), number of anal sex partners (0, 1, 2-10, or >10), condom use with regular partners (no regular partner, consistent use, or inconsistent use), condom use with casual partners (no casual partner, consistent use, or inconsistent use), and locations where partners are met (Internet/ mobile phone applications, sex-on-premises venue, and social networks/venues (dance party/club, social networks, pub, beat)).
Latent class model
Participants included in the latent class model. Participants were HIV-negative MSM aged 16 years or older who had been tested for HIV, syphilis, chlamydia, and/or gonorrhea and had completed at least 1 behavioral survey between 2007 and 2013. We based the latent class analysis on the participant's most recent GP visit with a completed survey in order to obtain a contemporaneous estimation of sexual behavior. Surveys completed within 30 days of a previous survey were excluded.
Latent class model specification. Latent class analysis relates a set of categorical (observed) items to the (unobserved) categorical latent variable, classifying participants into distinct subgroups (27) . In this study, our latent class model used 5 observed categorical items from the behavioral survey: number of anal sex partners, number of oral sex partners, condom use with regular partners, condom use with casual partners, and locations where partners are met. The unobserved state in this study was the sexual risk class of each individual at a particular time point, expressed in incremental classes from low risk to high risk.
Determination of latent class state space. We conducted exploratory analysis to assess the number of latent classes arising from the data. We fitted several models containing 2-6 latent classes to the observed data. The Lo-MendellRubin test (28) and the Bayesian Information Criterion (29) , alongside examination of the substantive meaning of classes, was used to select the number of classes without the inclusion of covariates.
Inclusion of covariates in latent class model. Covariates in a latent class model are observed variables that are independent but may influence the latent class of the individual. Local rates of HIV diagnosis differ by age and country of birth; therefore, from the data collected by the brief surveillance survey, age (years; continuous) and country of birth (Australian-born; yes/no) were selected as independent variables in the model. The outcome of tests for syphilis, gonorrhea (anal, genital, or oropharyngeal), and/or chlamydia (anal, genital, or oropharyngeal) was also included as a covariate (yes/no) in the latent class model.
Outputs of latent class model. From the latent class model, we estimated item-response probabilities (the probability that an individual provides a particular observed response within a given class). Odds ratios were used to examine the influence of covariates on class membership.
Latent transition analysis
Participants included in the latent transition model. The latent transition analysis included a subset of MSM who had 3 GP visits and completed a survey at each visit. Participants' most recent survey (t) and the 2 surveys prior to that (t − 1 and t − 2) were included in the latent transition analysis to obtain a contemporaneous estimation of sexual behavior. We selected participants with the 3 surveys to ensure a sufficient number of time points for assessment of transitions. Interim visits without a completed survey were excluded.
Latent transition model specification. The latent transition model is an extension of the latent class model with the measurement (latent class) and structural (latent transition) components modeled simultaneously (30) . The relationship between unobserved (latent) variables across time points is described using a transition matrix or transition table. Our model estimates transitions between categories within the latent sexual risk class at successive GP visits (between visits 1 and 2 and between visits 2 and 3), using multinomial logistic regressions to produce logits (log-odds) for each cell of the transition table. Multinomial regression values were modeled using longitudinal data, thereby providing probabilities (probabilities being a function of logits) (31) . The probability is that of individual i being in latent class k at 1 time point t, given that the individual was in latent class m at the previous time point, t − 1 (23, 30) .
Determination of latent transition space. We fitted the latent transition model for 3 time points. We then constrained negligible transition probabilities (<0.05) to zero. We tested for measurement invariance (consistent identification of the number of classes and their meaning over time) using the Satorra-Bentler scaled χ 2 test statistic (32). Outputs of latent transition model. We estimated the prevalence within the categories of the latent class variable at visits 1, 2, and 3 and the transition probabilities between successive visits.
Data preparation and descriptive analysis were performed in Stata (StataCorp LP, College Station, Texas). The latent class and latent transition models were fitted using Mplus software, version 7 (33), using maximum likelihood estimators with standard errors robust to nonnormality and nonindependence. Mplus uses a "full information available" principle when estimating the model parameters, meaning that only visits accompanied by completed surveys were included in the latent class and latent transition models (33) . A P value of <0.05 was considered significant for all analysis. Data were collected as part of the VPCNSS, which is approved by 6 human research ethics committees, including the Victorian Department of Health and Human Services and Alfred Health (Melbourne, Victoria, Australia).
RESULTS
Latent class model
Between 2007 and 2013, data on 21,530 consultations for sexual health screening among HIV-negative MSM across 2 Melbourne GPs were captured. Consultations with no survey data were excluded (n = 9,325). Analysis excluded surveys completed within 30 days of the previous survey (n = 1,163). The most recent consultations were included (6,344 previous consultations were excluded but were used in the latent transition model if eligible). Surveys with missing data on country of birth were excluded (n = 13). Table 1 provides a description of 4,685 MSM whose survey data from their most recent GP visit were included in construction of the latent class model. The majority of MSM reported 2-10 anal (49.7%) or oral (59.3%) sex partners. Approximately one-quarter of the men reported inconsistent condom use with casual sex partners (24.1%), and over onethird reported inconsistent condom use with regular sex partners (36.0%). Over one-third of MSM reported meeting partners using the Internet or mobile phone applications (34.8%; Table 1) .
We conducted exploratory analysis, and a latent class model was fitted with 2-6 classes. Six classes did not fit the observed data significantly better than the 5-class model (P = 0.1), and the 5-class model fitted the observed data better than the 4-class model (P < 0.05). However, in the 5-class model, 2 classes were indistinguishable in substantive meaning, and to ensure interpretability of the model, we selected a 4-class model. Entropy (a measure of certainty about the distinction of groups (latent classes) by the model) for the 4-class solution was 0.88; entropies approaching 1.0 indicate better distinction of classes (34) . Covariates, age, country of birth, and STI testing were then added to the 4-class model, resulting in the minimum Bayesian Information Criterion. In labeling of the classes, we incorporated latent class model output (item-response probabilities) with HIV epidemiology, known acquisition risks (5), and community descriptions of relationships and risk-taking (35) . The purpose was to provide exclusive class labels to give substantive meaning to classes. Classes were described as "monogamous" (n = 1,224), "risk minimizer" (n = 1,443), "risk potential" (n = 1,335), and "risk taker" (n = 683).
A description of the item-response probabilities for each latent class is presented in Web Table 1 (available at http:// aje.oxfordjournals.org/). Members of the "monogamous" class reported 1 or no anal partners and had a high probability of endorsing 1 oral sex partner, no casual partners, inconsistent condom use with regular partners, and not meeting partners in sex-on-premises venues or through the Internet. Members of the "risk minimizer" class had a high probability of endorsing 2-10 anal and oral sex partners in the past 6 months, consistent condom use with casual and regular partners (exclusive reporting of universal condom use with casual partners), and meeting partners through social networks/venues. Members of the "risk potential" class also had a high probability of endorsing 2-10 anal and oral partners in the past 6 months but greater probabilities of endorsing inconsistent condom use with casual and regular partners and meeting partners at sex-on-premises venues and through the Internet. Members of the "risk taker" class (highest risk) had greater probabilities of endorsing more than 10 anal and oral sex partners in the past 6 months, inconsistent condom use with both casual and regular partners, and meeting partners at sex-on-premises venues or through the Internet (Web Table 1 ).
Age was significantly associated with reduced odds of membership only in the "risk potential" class. A positive test for syphilis, chlamydia, and/or gonorrhea was significantly associated with membership of the "risk potential," "risk minimizer," and "risk taker" classes compared with the "monogamous" class, with a positive STI test being most strongly associated with membership in the "risk taker" class ( Table 2 ).
Latent transition model
A subset of 516 MSM had at least 3 GP visits with surveys completed between 2007 and 2013 and were included in the latent transition model. The median total follow-up time across all visits was 19.9 months (interquartile range, 12.4-34.3), and the median time between visits was 9.2 months (interquartile range, 4.7-15.9). Table 3 shows the characteristics of the MSM included in the latent transition model across the 3 GP visits. Because these MSM were a subset of the main study population, their sexual risk behavior profile is similar to that shown in Table 1 .
There was evidence that the constrained (full measurement invariance) model worsened the data fit (P < 0.05). Full measurement invariance constrains the latent class model to 4 classes with consistent structure at waves 1, 2, and 3. This constraint on the model can lead to an alternate class structure at a particular time point remaining unobserved. However, in exploratory cross-sectional analysis, the same number and type of classes emerged at each time point. In addition, constraining the model in this way allows straightforward interpretation of the transition probabilities across the 3 time points. Entropy of the latent class model was 0.85. Age and country of birth were not included in the final latent transition model, since neither covariate influenced class membership in the latent class analysis. Fewer than 8% of STI tests were positive; therefore, the limited number of outcomes meant that STI testing was not included in the latent transition analysis.
Class prevalence and transition probabilities are shown in Table 4 . Prevalence within the classes remained relatively stable across the 3 time points, with the "risk minimizer" class having the highest prevalence (approximately 40%). From visit 1 to visit 2, there was minimal probability of transitioning out of the "risk minimizer," "risk potential," and "risk taker" classes; each had an approximate 0.75 (i.e., 75%) probability of remaining in the same class. Stability in the "monogamous" class was much lower (0.51 probability of remaining in the same class), with a relatively high probability of transitioning into the "risk minimizer" class (0.37, 95% confidence interval: 0.15, 0.59). Between visit 2 and visit 3, stability was generally lower, with the exception of the "monogamous" class, for which stability was comparatively higher (0.69 probability of remaining in the class). There was some movement towards higher-risk classes among the "risk minimizer" and "risk potential" classes (Table 4) .
DISCUSSION
Using data from brief surveillance surveys completed by MSM visiting GPs for sexual health screening, we identified 4 underlying classes of sexual risk. Over one-third of participants (approximately 2,000 MSM) were classified into one of 2 higher-risk classes and had an approximately 70% probability of remaining in the higher-risk classes across 3 successive GP visits. MSM who did transition were most likely moving from the "monogamous" class to the higher-risk classes characterized by indicators of HIV acquisition risk (36) . In an era where risk behavior can no longer be simply measured by condom use and the number of sexual partners alone, classifying MSM based on patterns of risk emerging from surveillance data may be useful in understanding trends in HIV risk and identifying methods of reducing this risk. The collection of important risk surveillance data on the uptake of emerging interventions that reduce HIV risk associated with condomless sex, such as "treatment as prevention," may lead to new and meaningful HIV risk acquisition categories.
Condoms have played a central role in HIV prevention. Condomless sex remains the key risk factor for HIV transmission among MSM globally (37) , including in Australia (5), and the primary measure of HIV transmission risk. There is growing concern locally about increasing risk behavior among MSM, with an approximate 20% increase in reports of condomless sex among Australian MSM in the past 10 years (8). Our findings showed almost no change towards condom-based prevention behaviors, despite health promotion messages targeting condom use among MSM (38) . Ongoing self-reported high-risk behavior among MSM was observed over a period of approximately 18 months, consistent with findings from a study of risk behavior among MSM in the United States (39). Our study is also comparable with a latent class analysis of persons visiting one public sexual health clinic in the United States (25). Chan et al. (25) used observed variables similar to those in our study, though with additional indicators of HIV risk (e.g., drug use, alcohol use, incarceration history, and exchanging sex for money), and found 4 classes of risk behavior among MSM, with number of oral and anal sex partners also strongly distinguishing classes, similar to our findings. Chan et al. did not include data on condom use, but in contemporary HIV epidemiology, condomless sex may no longer unilaterally indicate "unsafe sex" (17) . A range of non-condom-based risk reduction strategies have been reported by gay men (12) , including verbal agreements with regular partners about condom use within and outside of the relationship (35, 40) and agreements on condomless sex with casual partners of the same selfreported HIV status (known as serosorting) (41) . During the same period as that of this study, awareness of postexposure prophylaxis among Australian MSM increased, though reported use remains low (41) . Although preexposure prophylaxis is not widely available in Australia, awareness of it among MSM has also increased (42), alongside reports of informal use (43) .
In light of this increasingly broad suite of risk reduction strategies now available to MSM, the complexities of contemporary HIV prevention demand refinements to behavioral surveillance. Analysis of self-reported behavior in countries including the United Kingdom (44) and Australia (14) have identified emerging behavioral trends among MSM, such as viral load informing decisions on condom use. We are not aware of studies applying latent class and latent transition modeling to HIV behavioral surveillance data; similar analyses have been cross-sectional (24) or carried out only in Abbreviations: CI, confidence interval; HIV, human immunodeficiency virus; MSM, men who have sex with men; OR, odds ratio; STI, sexually transmissible infection.
a The latent class "monogamous" was the referent class (OR = 1).
closed cohorts (39, 45) . Our models captured some of the complexity of sexual behavior, such as condomless sex in the context of partnership type, in 1 composite measure of risk.
Ongoing surveillance systems offer the key advantages of longer-term monitoring of HIV risk behavior, flexibility, and responsiveness. Future local surveillance is being revised to incorporate asking MSM about the use of non-condom-based risk reduction strategies, such as serosorting, disclosure of viral load, and use of preexposure prophylaxis. Latent class and transition analyses provide a potential approach with which to deliver a meaningful understanding of this complexity of risk. HIV surveillance systems need to monitor both sexual risk behavior and the uptake of new interventions to reduce HIV acquisition risk, enabling accurate evaluation of the impact of prevention programs on HIV transmission.
This analysis had some limitations that should be considered when interpreting the results. Use of data from clinical settings may have resulted in some selection bias. The motivation for undergoing HIV/STI screening is largely unknown. Although visits to STI clinics may relate to risk, the direction of this relationship is also unknown. Australian clinical guidelines recommend routine (from annual to quarterly) HIV/STI screening for all MSM (46); therefore, testing among participants in these analyses may have reflected routine screening unrelated to relationship status or a perception of risk. Transition probabilities for remaining in the "monogamous" class increased between visits 2 and 3 in comparison with visits 1 and 2, potentially representing relationship continuation or serial monogamy. However, the VPCNSS does not collect detailed information on relationships, and providing suggestions on how transition probabilities may have been influenced by relationships was beyond the scope of this study. The use of behavioral data from a brief surveillance questionnaire limited the indicators and covariates we could include in the models. Data from surveys are selfreported and therefore may be subject to recall or reporting bias. However, surveillance systems such as this one bring the advantage of inclusion of a large number of men likely to be representative of the key HIV risk population in Australia. In addition, the ongoing nature of surveillance systems means that they deliver data over longer periods of time in which patterns of behavior change and outcomes such as incident infection can be monitored.
Although it is accepted that latent transition analysis can be performed with missing data (33) , the effect that missing data had on transitions in this study is unknown. We imposed full measurement invariance on the latent transition model, and although the cross-sectional analysis of data suggested that the same numbers and types of classes emerged at each time point, this restriction meant that if there was meaningful variation in classes, it would have been missed. Furthermore, we imposed the latent class model (number of classes and class structure) across all years of data (2007) (2008) (2009) (2010) (2011) (2012) (2013) ; therefore, the model may not have captured dynamic changes in underlying risk. Confidence intervals for the transition probabilities were bounded between 0 and 1, and therefore caution is advised when interpreting the results, as the confidence intervals have been narrowed. The process of constructing the latent class and latent transition models required us to make assumptions about the estimator; it was beyond the scope of this study to further investigate the procedure and underlying assumptions. Data were collected from MSM who visited GPs at least 3 times for STI testing and completed a survey; therefore, MSM who did not undergo testing, underwent testing infrequently, or did not complete a behavioral survey are not described. Analysis of 3 time points may have meant that changes in risk that occurred over longer time periods were not observed. Despite these limitations, the data are useful for prevention planning locally. Importantly, this analysis demonstrates the utility of a composite measure of risk created from an open surveillance cohort of the key population at risk of HIV infection.
We applied latent class and latent transition analysis to HIV sentinel surveillance data, and our findings suggest limited movement between risk classes over time. We have demonstrated that a sentinel surveillance system that includes behavioral surveillance has the capacity to monitor changes in risk behavior. There can be unavoidable constraints on HIV sentinel surveillance systems, particularly if behavioral data are collected as part of clinical interaction; however, such systems are a highly valuable resource when utilized to their full capacity. Into the future, it is important that a sentinel surveillance system account for changes in HIV prevention, including community uptake of pre-and postexposure prophylaxis, "treatment as prevention," and non-condom-based risk reduction strategies. Evolution of surveillance systems and innovative scrutiny of data to effectively monitor risk behavior and inform prevention strategies are required. Lower bounds of 95% CIs were truncated at zero where estimated (symmetrically) to be less than zero.
c TPs were fixed to zero.
